Objective: We examined the risk factors of cortical cerebral microinfarcts (CMIs) on 3T MRI and their association with cognitive impairment.
was shown that cortical CMIs can be detected in vivo using 7T MRI. 7 Subsequently, it was established that these cortical CMIs can also be detected on 3T MRI, 8, 9 and in a memory clinic-based study, a link with poorer cognitive performance and dementia was suggested. 10 However, limited data exist on the risk factors of cortical CMIs and whether these CMIs are independently related to cognitive impairment or occur in conjunction with conventional markers of CeVD. Therefore, we examined the risk factors of cortical CMIs and their association with cognitive impairment and dementia in a subsample from a population-based study in Singapore.
METHODS Study population. The Epidemiology of Dementia in Singapore (EDIS) Study recruited participants from the Singapore Epidemiology of Eye Disease Study, a population-based study of 3 major ethnic cohorts: Chinese (Singapore Chinese Eye Study), 11 Malay (Singapore Malay Eye Study-2), 12 and Indians (Singapore Indian Eye Study-2). In all 3 ethnicities, a similar protocol was used for recruitment and assessment of study participants. 11 As part of the first phase of the EDIS Study, participants who were 60 years or older underwent cognitive screening with the Abbreviated Mental Test (AMT) and selfreported progressive forgetfulness. Education-based cutoff values of AMT were used to define screen-positives: a score of AMT #6 for those participants with up to 6 years of formal education and a score of AMT #8 for those with more than 6 years of formal education, or if the caregiver reported progressive forgetfulness. These screen-positive participants (n 5 1,598) were invited to the second phase of the EDIS Study, which was conducted at the Centre for Life Sciences, National University of Singapore and included an extensive clinical and neuropsychological evaluation, along with 3T neuroimaging. Of the 1,598 participants, 957 participated in the second phase. Recruitment took place from August 8, 2010 , to July 24, 2015. Standard protocol approvals, registrations, and patient consents. Ethics approval was granted by both the Singapore Eye Research Institute and the National Healthcare Group DomainSpecific Review Board. The study followed the tenets of Helsinki. Written informed consent was obtained from individuals before their participation in this study.
Assessment of vascular risk factors. Data on demographics
and medical history were collected by administrating a detailed questionnaire. Data on medical history of hypertension, hyperlipidemia, diabetes, stroke, and cardiac diseases were obtained during the interview and verified by medical records. 11 The mean of 2 blood pressure measurements, taken with a gap of 5 minutes, was calculated. The following definitions were used: hypertension 5 systolic blood pressure $140 mm Hg and/or diastolic blood pressure $90 mm Hg, or use of antihypertensive medication; diabetes mellitus 5 glycated hemoglobin $6.5%, or use of antidiabetic drugs; and hyperlipidemia 5 total cholesterol levels $4.14 mmol/L, or use of lipid-lowering medication. Education was divided into #6 years or .6 years. Low socioeconomic status was considered when monthly income was ,2,000 Singapore dollars per household and housing with #2 rooms. Smoking was categorized into ever and never smokers. Body mass index was computed by dividing the weight in kilograms by the square of the height in meters. Data on history of stroke were ascertained by a questionnaire and subsequently confirmed from medical records. Cardiac diseases included presence of ischemic heart disease, congestive heart failure, atrial fibrillation, and cardiac bypass.
Neuroimaging. A 3T Siemens Magnetom Trio Tim scanner (Siemens Healthcare, Erlangen, Germany) with a 32-channel head coil, stationed at the Clinical Imaging Research Centre of the National University of Singapore, was used for neuroimaging. Individuals who were claustrophobic, had contraindications for MRI, or could not tolerate the neuroimaging procedure were excluded from the present analysis.
Cortical CMIs. Cortical CMIs were graded on T1-, T2-weighted, and fluid-attenuated inversion recovery (FLAIR) sequences and were defined as hypointense lesions on T1-weighted images, ,5 mm in diameter, restricted to the cortex, and perpendicular to the cortical surface. Subsequently, this hypointense cortical T1 lesion was confirmed on FLAIR and T2-weighted images. The lesion was considered a definite cortical CMI if it was hyperintense or isointense (with the surrounding tissue) on FLAIR and T2. The lesion on T1 was not accepted as a cortical CMI if at the same location a hypointense signal was found on FLAIR or T2, which suggested that the T1 hypointense lesion was a hemorrhagic lesion (confirmed on susceptibility-weighted imaging sequence), a vessel, or an artifact 10 (figure e-1 at Neurology.org). Dilated perivascular spaces that extended from the white matter into the cortex, producing similar cortical signal intensities to those of cortical CMIs, were not considered. 7 Similarly, cortical CMIs located in regions close to large cortical infarcts were also discarded. MRI rating for cortical CMIs was independently performed by 2 trained graders (S.H., E.S.) blinded to the participant's characteristics. A subset of 60 scans was randomly selected among the scans, which were graded by both raters. All the identified cortical CMIs were discussed in the weekly consensus meetings. Any disagreement was further discussed with a third experienced grader (S.J.v.V.) to make a final decision. The interrater reliability showed good to excellent agreement (k 5 0.83).
Other MRI markers. Quantitative MRI analyses were performed in collaboration with Department of Medical Informatics, Erasmus University Medical Center, the Netherlands. WMH volume of the whole brain was quantified by automatic segmentation using the FLAIR sequence. 13 Cortical and lacunar infarcts were graded on T1-and T2-weighted images, which were further supported by FLAIR sequences. Cortical infarcts were identified as focal lesions involving cortical gray matter with hyperintense rim on FLAIR images and center following CSF intensity. This was further aided by tissue loss of variable magnitude, with prominent adjacent sulci and ipsilateral ventricular enlargement. Lacunar infarcts were defined as lesions involving the subcortical regions, 3 to 15 mm in diameter, with low signal on T1-weighted image and FLAIR, a high signal on T2-weighted image, and a hyperintense rim with a center following CSF intensity on FLAIR.
14 Cerebral microbleeds were defined as focal, rounded lesions of hypointensity graded on susceptibility-weighted images using the Brain Observer Microbleed Scale. 15 Intracranial stenosis was graded on magnetic resonance angiography and was defined as stenosis $50% in the internal carotids, vertebral, basilar, posterior cerebral, middle cerebral, and/or anterior cerebral arteries. and an extensive neuropsychological battery were used to assess cognitive function. 11 The following 7 (5 nonmemory and 2 memory) domains were examined: Using these data, we calculated domain-specific and composite z scores for each study participant. For each individual test within a domain, raw scores were first transformed to standardized z scores using the mean and SD of that test in this cohort. Subsequently, for each domain, a mean z score was calculated by taking the average z scores of all the individual tests within that domain. These domain-specific mean z scores were then standardized using the mean and SD within that domain. Finally, a composite z score was computed by averaging the 7 domain-specific mean z scores, which were also standardized using the corresponding mean and SD. 27 This composite z score reflected global cognitive functioning.
"No cognitive impairment" was defined as normal cognitive functioning on the neuropsychological test battery. A diagnosis of cognitive impairment, no dementia (CIND) was based on no significant loss of independence in daily activities and impairment in at least one domain of the neuropsychological test battery. 11, 28 Participants failed a test if they scored 1.5 SD below education-adjusted cutoff values. Impairment in a domain was defined as failure in at least half of the tests in that domain. CIND was classified into mild (impairment in 1 or 2 domains) and moderate (.2 domains). The diagnoses of dementia were made in accordance with the DSM-IV criteria.
Statistical analysis. Differences in demographic, vascular risk factors, and MRI markers were assessed with the x 2 test for categorical variables, Student t test for continuous variables, and MannWhitney U test for skewed distributed continuous variables (WMH volume). For WMH volume, a logarithmic transformation was used to ensure a normal distribution for regression analysis. We constructed logistic regression models to compute odds ratios and 95% confidence intervals (CIs) for the association between possible risk factors and presence of CMIs. As a sensitivity analysis, we additionally constructed Poisson regression models with CMI count as outcome and computed rate ratios and 95% CIs. Both models were adjusted for age, sex, and each possible risk factor separately. The fully adjusted models consisted of risk factors significant from first model with each MRI marker added one at a time.
For categorized clinical outcomes (CIND-mild, CINDmoderate, and dementia), logistic regression analyses were constructed to compute odds ratio and 95% CI. Regarding cognitive profiles, linear regression models were used with MMSE, MoCA, composite, and domain-specific z scores as possible outcomes. Statistical significance was set at a p value of ,0.05. Correction for multiple comparisons (within 7 cognitive domains) was done using the Bonferroni method with a significance level set at 0.05/7;0.007. Statistical analyses were performed using the Statistical Package for Social Science software (version 23; IBM Corp., Armonk, NY).
RESULTS
Of 957 participants, 88 had no MRI scans and 8 had ungradable scans. Table e-1 presents baseline data of included (n 5 861) and excluded (n 5 737) individuals. Those who were excluded were older, were of Chinese ethnicity, had lower education, and had higher frequency of hypertension and lower frequency of hyperlipidemia. Of the 861 participants with gradable MRIs, 54 (6.3%) had $1 cortical CMI. Among participants with cortical CMIs, 33 (61.1%) had a single CMI, 15 (27.8%) had 2 to 4 CMIs, and 6 (11.1%) had $5 CMIs, with a range of 0 to 13. Cortical CMIs were present throughout the brain with a strong predilection for parietal lobes (41.9%) followed by frontal (20.9%), occipital (11.6%), and temporal (4.7%) lobes. Of 861 participants, 275 (31.9%) were diagnosed with CIND- Moreover, compared to persons without cortical CMIs, the prevalence of cerebral small vessel disease (lacunar infarcts, WMH, and microbleeds) and large vessel disease (cortical infarcts and intracranial stenosis) on MRI was higher in persons with cortical CMIs. Table 2 shows the multivariate adjusted models using Poisson regression. The most important demographic and vascular risk factors of cortical CMIs were increasing age, Malay ethnicity, hypertension, diabetes, and history of stroke. MRI markers of both large vessel disease (cortical infarcts and intracranial stenosis) and small vessel disease (lacunar infarcts, WMH, and microbleeds) were associated with cortical CMIs.
The presence of cortical CMIs was significantly associated with both CIND-moderate and dementia compared to no cognitive impairment. After additional adjustments, these associations remained significant, except when lacunar infarcts were included in the model and the associations became attenuated (table 3) . Furthermore, cortical CMIs were significantly associated with worse performance on the MMSE, MoCA, and composite z scores (table 4) . Finally, table 5 shows that presence of CMIs was independently associated with executive function, visual memory, and verbal memory after adjustments for demographics, vascular risk factors, and MRI markers. After applying Bonferroni correction, most of the associations remained statistically significant. Finally, all associations with the cognitive domains remained unaltered after excluding participants with dementia.
DISCUSSION In this study, we found that cortical CMIs-a novel MRI marker of CeVD-are a common finding in a multiethnic elderly population and are strongly associated with cognitive impairment, both dementia and its preclinical stages. These associations were independent of other markers of small and large vessel diseases, suggesting that cortical CMIs may provide additional insights into the burden of CeVD in dementia.
In recent years, the development of stronger magnetic field strengths such as 7T MRI with increased signal-to-noise ratio and better image resolution has enabled antemortem detection of cortical CMIs in vivo. Because there are only a limited number of 7T MRI scanners available, there has been an effort to extend the detection of CMIs to 3T MRI scans, which are more readily available in research and clinical settings. So far, relatively few autopsy and MRI studies have examined the association between demographic and vascular risk factors with CMIs. Although Malay ethnicity was the major risk factor for CMIs, these effects were partly attenuated in the presence of education and socioeconomic status, suggesting that these factors may contribute to the development of CMIs. Among the vascular risk factors, hypertension, systolic blood pressure, and diabetes were identified as the major risk factors for CMIs in a few neuropathologic studies. [29] [30] [31] Similar to these findings, our study has also shown an independent association of hypertension and diabetes with increasing numbers of cortical CMIs. Possible mechanisms through which hypertension and diabetes may lead to CMIs include arteriolosclerosis and lipohyalinosis in the small penetrating arteries. 31, 32 Besides these systemic vascular factors, history of stroke was another factor related to the occurrence of CMIs, suggesting that CMIs may occur in conjunction with clinically manifest strokes. Regarding MRI markers, we found-in accordance with a previous case-control study 10 -that markers of both large vessel disease (cortical infarcts and intracranial stenosis) and small vessel disease (lacunar infarcts, WMH, and microbleeds) are associated with the presence of cortical CMIs, thus suggesting that CMIs have a heterogeneous etiology and may represent a marker of generalized vascular pathology in the brain rather than specific small vessel pathology.
Regarding cognition, the present study shows that persons with cortical CMIs are more likely to have worse cognitive function. Although the association between cortical CMIs and CIND-moderate/dementia became Table 3 Association nonsignificant in the presence of lacunar infarcts, the point estimates of the odds ratios were nevertheless 2.43 for CIND-moderate and 4.83 for dementia, suggesting that there is an independent link with CMIs. Furthermore, the associations with MMSE, MoCA, and composite z score remained significant even after including lacunar infarcts, further supporting a positive link between CMI and cognition. In addition, persons with cortical CMIs performed worse in tasks of executive function, verbal and visual memory independent of vascular risk factors, and other MRI markers of cerebrovascular pathology. So far, only one autopsy study has shown an association of CMIs with specific cognitive domains such as semantic memory, perceptual speed, and visuospatial function. 33 Furthermore, we previously published a case-control study from a memory clinic showing that patients with cortical CMIs had worse language and visuoconstructive function. 10 The associations with executive function and memory domains may be attributable to the fact that cortical CMIs were primarily found in the frontal and parietal cortex. Moreover, executive function, visuomotor speed, and language are also commonly affected in cognitive impairment secondary to both small and large vessel damage. 34 Finally, patients with single or multiple CMIs on 3T MRI scans may have an unrecognized burden of hundreds of thousands CMIs in the remainder of the brain, 33, 35 thus disrupting important cognitive networks leading to cognitive dysfunction. 5 Limitations of this study include that, first, almost half (46.1%) of the screened positive persons were excluded from the present analyses who were older, less educated, and had hypertension compared to the included participants. However, despite this nonparticipation, we still found significant associations of risk factors with CMIs and their effect on cognition. Second, because of the cross-sectional design, the temporal relationship between cortical CMIs and cognitive impairment cannot be established. Third, because of the lower resolution of 3T MRI compared to 7T, only about 25% of cortical CMIs identified on 7T are detectable on 3T. Hence, smaller cortical CMIs ,2 mm might have gone undetected. Furthermore, as the grading of the 3T MRI scans was independent of clinical characteristics of the participants, this underdetection may have led to random misclassification, suggesting that the true effect sizes may have been larger. Strengths of the study include systematic grading of CMI on 3T MRI scans and a large multiethnic sample of elderly persons, who underwent an extensive neuropsychological test battery for the diagnosis of cognitive impairment and dementia.
Future longitudinal studies are required to establish an etiologic link between CMIs and cognitive impairment and reveal their additional value in predicting future cognitive decline and dementia, beyond what is currently possible with conventional markers of cerebral small vessel disease. Thus, CMIs together with other cerebrovascular markers can be used to design clinical trials to improve cognition or prevent further cognitive decline.
